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IIT - ANALYSIS OF ROTOR AND BLADE TEMPERATURES
IN TLIQID-COOLED GAS TURBINES

By W. Byron Brown and John N. B. Livingood

- - - SUMMARY

A theoretical analysis of the radial temperature distribution
through the rotor and constant cross-sectional area blades near the
coolant passagss of liquid-cooled ges turbines was made. The gnal-
ye8is was applied to obtain thse rotor and blade tempsratures of a
gpecific turbine using & gss flow of 55 pounds per second, a coolant
flow of 6.42 pounds per second, and an averags coolant temperature
of 200° F. The effect of using wvater, ethylene glycol, and kerosene
was determined with blades.4 = lnches long in which the coolant

6
passages oxtended to within one-gixteenth inch of ths blaede tips.
The effect of varying blede length was determined for lengths vary-

ing from 1 1:% to 5 —1— inches, the caclant passages being one-

sixteenth inch shor‘ber than the blade length in all ceses, wilth
water as the coolant. The effect of va.tfring the coolant-passage
lengths from 1 to 4 inches in blades 4 inches long was also in-

vegtlgated, with water as the coolant. The effective gas tempere-
ture was varied from 2000° to 5000° F in each of these investiga-

tions. By effective gas temperature is meant the ges temperature

thet determines the heat flow. Finally, the effect of a variation
In the coolant flow was Investigated for each of the coolents.

It was found that the blade metal temperatures in the reglomns
near the coolant passcges may be kept as low as one-fifth, two-fif'ths,
and one-half the effective gas temperature for water, ethylens glycol,
and kerosene coolants, respectively, for a coolant flow of 6.42 pounds
per second. The temperature distributions for all blades lengths with
coolant passages extending to within one-sixteenth Inch of the blade
tips wore found to show a rotor temperature about equal to the coolant
temperature, a steady temperature rise through the rim and & small
paxrt of the blade, & nearly constant or prevalent blade tempsrature
through most of the liguid-cocled part of the blade, and a sharp
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temperature rise to the blade tip. The results further showed that
the coolant passage should be made ags long as possible in order to
obtain maximum blade cooling. An increase in coolant flow from 2
to 15 pounds per second resulted in doubling the cooling effective-
ness. The results of ligquid cooling sgem to indicate indirectly
that large incresses in effective gas temperature are pogsible with-
out the occurrence of metal failures ccmpared tc small increases of
only 200° F in effective gas temperature obtainable for most blades
with rim cooling.

INTRODUCTION

Metals in current use in the constructicn of turbine wheels
and turbine blades limit gas temperatures 1o about 1500° F at usual
speeds; therefore some method of blade cooling is needed if gas
temperatures higher than 1500° F are to be used with these metals.
The KACA 1s conducting an Investlgetion of msethods of cooling gas
turbines that includes indirect blade cooling by removal of heat
from the blade roots and tipe by conducticn and direct blade cooling
by the passage of liguid or air through hollow blades. In reference 1,
it was shown that some improvement in the blade root-section strength
could be achlieved by cooling the root and applying a ceramic coating
to the blade section near the root, but the effects in cooling the
upper half of the blades were negligible unless metals with very
large thermal conductlivitles were used, The. effecta of the addition
of alr-ceooling fins to a turbline disk were investigated in reference 2.
The fins were used in an effort to reduce the rim tempersture and '
hence permit better cooling of the turbine blades. It was found
that the blade roots (wheel rims) could be cooled to about 800° F
below the effective gas temperature, but that only relatively emall
gain 1n cooling was obtained at the critical sectlion of the blade
some distance from the blade root. In reference 3, the benefits of
rim cooling were demonatrated in terms of turbine operating condi-
tions. For most turbine blades, rim cooling was found to permit
200° F increases in allowable gas temperature.

Lynn, of the Joshua Hendy Iron Works (Sunnyvale, California),
proposed liguld cooling using kerosense a&s the coolant, lnasmuth as
the kerosens could later be used as fuel. Sanders and Mendelson
(reference 4) compared seversal cooling methods end found possibll-
ities of sufficlent improvements in efficlency through alr or water
cooling to Jjustify sxtensive research.

Because of the amall Increases in cooling with rim coocling
discuesed in references 1 to 3 and of the poessibilitles of much
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larger increases in cooling with liquid cooling suggested in ref-
erence 4, a theorstical analyeis was made of the radiel temperature
distribution through the rotor and constant crosas-sectional area
blades near the coolant passages attainsble by passing different
liquid coolants through internal passages In a turblne wheel and
in constant cross-sectional area turbine blades.

This analysis is given Iin this report, together with the
results of its application to determine the rotor and blede tem-
peratures for a specific burbine using a gas flow of S5 pounds
per second, & coolent flow of 6.42 pounde per second, an average
coolant temperature of 200° F, effective gas temperatures from
2000° to 5000° F, end water, sthylene glycol, and kerosene as
coolants. The effects on the rotor and blade temperaturss re-
sulting from (1) varying the blade lengths with coolant passages
extending to within one-sixteenth inch of the blade E}ps,
(2) varying the coolant-passage lengths in blades 4 inches long,
and (3) varying the coolant flow rate were Investigdted.

SYMBOLS

The symbols uged in the camputations are:

Ay area of blade tip (sectlon 1), (sq ft)

Az cross-sectional areae of metal In liguld-cooled section
of blade (section 2), (sq ft)

A cross-sectional ares of metal in rim (section 3}, (=g £%)

Ay crosg-sectlional area of constant-strength section of rotor
(section 4), (mq f£t)

Ay area of blade ceoling ﬁaesage at tip of section 2, (sq ft)

A, area of metal et tip of sectlon 2, (sq ft)

B number of blades

F prevalent blade temperature, (°OF)

K,M,H, 1integration constants

J,q,C

k thermal conductivity of turbine metal, Btu/(hr)(sq £t} (°F/ft)
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Py porimeter of blade-heating surfgse, (ft)
Po perimetor af cooling surface (ft>
9 heat -transfer cosfficient between hot gases aond metal,
Btu/(hr) (sq £t)(°F)
dg - heat-transfer coofflclent between metal and coolant,
Btu/(ar)(sq £4){°F)
qo;- . heat-transfor coefficient between metal and cooling alr,
' Btu/{hr)(sq £t)}(°F) .
r - radiue, (ft)
r . . averago radius, (ft)
T netal tsmﬁeraturé, (°rF)
Tq tempersture of cooling air, (°F)
T offectivo temporature of hot gases, (°F)
T averege temperature of liquid coolant, (°F)
X lincar coordinate in section 2
¥ linear céordinate=in goction 3
z . linear coordinate in section 1
3 = ares of rim- .. AS
area of blados ~ Bis
m = @ Brea of rim exposed to oxhaust;gas—= Az - BAy
arcs of metel parts of blades BAg
n - area of constant-strength section of rotor _ fé
area of rim : Az
Subscripts:
1 goction 1

2 gection 2
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3 section 3

4 gection 4

THEORETTCAL ANALYSTS .

The equations for the tempersture distributlion in a turbine
wheel and in turbine blades were cbtained by equating the heatb
entering and the heat leaving an element of each of the four sec-
tions iInto which the turbine wheel and blades were divided (fig. 1).
In the derivation of these equations, the following assumpilons
wexre made: .

1. The values of A, k, Py, Py, 93s Qos Ter and T; were con-
stant for any given aection. Tt must be noted that the coolant
temperature in the inlet passage was less than that in the outlet
passage. The iIncrease in the temperature in the cne pssssge com-
pensated for the decrease In the temperature in the other passage,
so that an average temperature Ty for any blads cross sectlon
could be considered constant. :

2. The vaiues of g3y and T, over the blade tip were the same
as over the blads.

3. Heat flows were equated at the Junctlon of the various
sections. -

4, No temperature gradients othser than radlal were considered.

5. About 10 percent of the value of q; Wwas attributed to
radiation.

6. Cooling air, in contact with both sldes of the rim and rotor,
wes assumed to remove heat,

The derivations of the temperature-distribution equatlons are
as follows: ’

Part of blade not ligquid-cooled (section 1). -

aT

Heat entering from top = -kA; i
Z

Heat entering from sides = pyjqy (Tg - T) dz
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2
Heat leaving bottom = -kAj ar . kA 47T 3z

dz dzz
Therefore
2
wa  GT - = -xa, & . 4T
KAy ot 1Y ('I‘e T) dz kA, 5 kA, 2 dz
or
afr 2 2
—-—2—--'l?T=--'lJTe
dz
where
p.q
pé o 171
kAy

A solution 1is

T =Ty ~ C cosh v(z + A}

where C and A are Integration constants and A 18 evaluated by
applying the termiral condition at the blade tip; that is,

AT _ gia
kA == Udy (Te - T)

or
a4 Qi Ay
tanhvz +)\ = e = ——
(23 ) kv PiK

Part of blade ligquid-cooled. (section 2). -

Heat entering from top = -kA, %%

Heat entering from sides = pyqy (Tg - T) dx

xn 4T _ a%r 4
dx kA? dxe

Po,2 Yo,z (T - Ty) dx

Heat leaving bottom

Heat entering coolant

Therefore
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xa 4T (o - D oga dT ., 4% -
kA, d_xf"'Piqi (T, T)} éx = kA, = k.Azgx_zdx+po,z q_o,z (T T'I,) dx

or

2

acT

_-E_ - p_zT - —72
where

2 _ P11 + Po,2 90,2

kAz .

u

2 2123 Te + P52 95,2 T3

- .

A solution is
T = F - B - geP¥

where

polilTe +P 2 9%,2T

P13 + P5,2 9,2

end H and J are integration constants.

Rotor rim {gection 3). - A simple solution for the temperature
distribution in the rotor rim was obtalned by disregarding curvature,
which 1is Justified because the rim thickness is small in comparison

with the rim radius. An average value for Po,3 4,3 Wwas used.

The heat-balance equation was found to‘,fbe

i

2 2
== - pZr = -5
dy?
where i
82 - 4nrzds' + Po,3 90,3
kAz
and ]

52 o Br3de" Ta + P53 45,3 Ty

ki
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A solution is
T =1 + P + Me PV
where

dnrzds" Tg + Po.3 9,3 T3
4nT395' + Po,3 20,3

end K &end M are integration constante.

Constant-strength section of rotor (section 4). - In reference 2
an exact solutlon for the temperature distribution through the turbine
rotor was found. Accuracy was needed, because most of the heat was
carried of f by the rotor (a temperature drop of 450° F occurred in
the rotor). In the present case, however, most of the heat 1s removed
by the 1liquid coolant (the temperature drop through the rotor 1s only
a few degrees), and the rotor temperatures are sufficiently low to
cause no cooling problems. Consequently, an approximate eolution for
the tempsrature distribution through the rotor was obtained in the
prosent Inveatigation by use of an average radius and an averags area.
The heat-balance equation was found to be

2
dT_m2T=_§2

dre
where )
- 1
w? o 2ed0" *+ Po,4 Y0,4
: kAy
and

t2 - 4nryas’ Ty + Po 4 Q0,4 Ty
KAy

A solution is

T =N + G cosh ar
where o
dnryds' Tg + 65,4 90,4 Ty
4nT405" + Po,4 Yo,4

=

and G 1s an integration constant. The boundary condition
aT/dr = 0 for r = O has been applied.
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The values of the six integfation constants were found by
solving simulteneously the slx egquations resulting from sequating
the temperatures and the hesgt flows at the various Junction points.
At the Junction of sections 1 and 2 (z = z3 and X = X7)

T, - C cosh U‘(z2 + A} = F - HH¥1 - JeH¥L

_ b x - P xy _
kA, C sinh v(zz-l-?\)—kAr p(BeH ¥l - JgeHEL) +qut(F HeH ¥l - JgeHXL TZ)
(1)

Equation (1) equates the heat leaving sectlon 1 to the sum of
the heat entering the metal of section 2 and the heat enterling the
coolant at that part of the blade where the inlet and the outlet
passages are conngcted. Theo area of the metal at thils blade cross
gection is denoted by A,. The use of A, Iimplies an approximation
in the procedure; that is, a separate sectlion for that part of the
blade conteining the passage that connects the inlet and the outlet
passages has not been Introduced. An investigation showed that the
use of such a section would slightly decrease the temperatures at
the blade tip.

At the junction of sections 2 and 3 (x =x; and 7 = yy)
F - B2 - 762 - 1 + RePY1 4+ Mo 7PT1

> R ) _HeMXe | poHXp _ -B¥1 _ xB¥1
1{!&21.1(2116“L Je )-&minE(F He Je Tz) _BkAZZ(MB Ke )

‘ (2)
Equation (2) equates the sum of the heat leaving sectlon 2 and that
entering section 3 directly from the hot gases to the total heat
entering sectlion 3.

At the junction of sections 3 and 4 (y =y, and r = ry)

L +RPT2 1 MeP¥2 - ¥ + G cosh ar,

kB (--Kkaﬁy2 + MeP¥2) - nkug sion ary
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APPLICATTION OF ANALYSIS

The following assumptions were made in applying the previous
results to specific numerical cealculations:

l. An average thermal conductivity Xk of 15 Btu per hour per
square foot per °F per foot was used.

2. The gas flow was 55 pounds per second. The heat-transfer
coefficlent g4 corresponding to this gas flow was calculated by
the method of reference 5, page 236 and found to bs 217 Btu per
hour per square foot per 6F. Becauge rim cooling was not expected
to be adequate, small turbines were chosen for the rim-cooling
investigations, The indications are, however, that liguild cooling
will be very adeguate, and a more powerful turbine with high ges
flow was chosen for the liguld-cooling studies. The use cf a high
heat -transfer coefficient tends to minlmizse the advantages of liquid
cocling when comparisons are made with results obtained for rim
cooling in references 2 and 3 because these reports used a low heat-
transfer ccefficient.

3. The following passages were asaumed: (&) two 1/4-inch—diameter
pagsages in each blade, (b) two 1/4-inch-diameter passages running
circumferentially through the rim, and (c) ten 1/2-inch-diameter
passages running radially through the constant-strength sectlon of
the rotor, connected to feed passages near the axis,

4., The liquid coolants were considered at average tempersastures
of 200° F and a flow of 6.42 pounds per second. This flow rate
asgures turbulent flow In all cases, making possible a better com-
parison of liquids. The corresponding heat-transfer ccefficlents
were calculated (reference 5, p. 168) as

Ao,z = 2570 Btu/(br)(sgq ft)(oF). (water)
o,z = 649 Btu/(hr)(sq £t)(°F) (ethylene glycol)
2,2 = 510 Btu/(hr)(sq £t)(°F) (kerosens)

5. By use of the assumed values of coolant flow, gas flow, and
passage dimensiouns, estimates were obtained (reference 5, p. 168)
for the values of ©p,q, for the rim and the rotor amnd tkese values
were assumed to be uniformly distributed throughout the respective
gectlons. They wers '
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Po,3 %o,3 = 30,360 Btu/(hr)(£t)(°F) (water)

Po,5 9,3 = 8305 Btu/(hr)(ft) (°F) (ethylens glycol)
Po,3 Lo,3 = 6533 Btu/(hr) (£t} (°F) (kerosens)

Po,4 do,4 = 6107 Btu/(br)(£t)(°F) (water)

Po,4 %o,4 = 1656 Btu/(hr) (££)(°F) (ethylene glycol)
Po,4 Q0,4 = 1518 Btu/(hr)(ft) (°F) (kerosene)

8. Alr at O° F cooled the rim and the rotor and the hest-transfer
coefficient g,* wes 30 Btu per hour per square foot per °p.

7. The effective temperature of the hot gases T, was regarded
as the gas temperature at the blades. (In reference 3 the relation
between the effective gas temperature and the iInlet gas temperature
is given in detail.)

8. The turbine considered had 55 blades.

9, Some rumerical values used wers

0.00198 square foot

ks
I

Az = 0,312 square foot

A4 = 0.236 square foot
Po,z = 0,131 foot

Py = 0.25417 foot

rz = 0.4917 foot

ry = 0.3333 foot

RESULTS AND DESCUSSION

The specific conditions for which temperature distributlons
in a gas turbine were determined are given in the followlng table:
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Blade |Length of|Coolent Effective ges
"length|ocooling temperature
~(in.) {passage | | (°r)
L ¢y v
5 & ‘5 |Water 2000-5000
4 ilé' 4 Water 2000-5000
4 flg 4 Ethylene| 2000-5000
glycol
4 1_16. 4 Kerosene | 2000-5000
4 Ilé"' 3 Water £2000-5000
4 ilg 2 Water | 2000-5000
- . |
1 '
. . t -
4 v 1 Weter ! 2000-5000
3 Tl'e‘ 3 Water | 2000-5000
2 5 2 lWater | 2000-5000
1] . o
lgg, L Water | 2000-5000

The large flow of heat near the cocling fluid may produce considerable
temperature differences hetween parts of the metal nsar the coolant
and et some dlstance from the coclant. Inasmuch as the inslds heat-
transfer coefficient is so much larger than the outside heat-transfer
coefficlent, tho metal temperatures obtained in this analysis would
be expected to be a close approach to the values near the coolant,

No heat flow through the hlade cross section was considered in this
analysls., :

Eech of the temperature-dlstrlbution curves shows a nearly con-
stant rotor temperaturse in the nelghborhood of 200° F, a steady tem-
perature rise through the rim and a small part of the bladov, & nearly
congtant temperaturo through most of the ligquid-cooled part of the
blade, and a sharp temperature rise to the blade tip. A more careful
examination of the curves indicatos that the prevalent blade tempora-
ture F 1a about one-fifth the effective gas temperature when the
.turbine 18 cooled by water, ebout two-fifths when cooled by ethyl-
ene giycol, and sbout one-half when coocled by kerosene.
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Figure 2 presents temperature dlstributions for turbines with
blades of different lengths cooled by water to within one-sixteenth
inch of the blade tips. The increase in temperature over the preva-
lent blade temperature 1s the same in each case but this change
takes plece nearer the blade tips for the longer blades; the change
occurs in the last one-half inch for a blade 4.§E inches long.

The temperature distributions for turbines with blades 4 fé Inches

long, coocled by water 1, 2, 3, and ¢ inches along the blades are glven
in figure 3. The shorter the blade cooling rassages, the less effec-~
tive is the cooling. The temparatiirs rises through the part of the
bladea thet is not liguid-ccoled untll the blade temperature ap-
proaches the effective gae temperature at the blade tips.

Figure 4 shows tempereture distributions for turbines with
blades 4 {%.1nches long cooled 4 inches along the blades by water,

ethylene glycol, and kerosene plotted on the basis of effective gas
temperature. Water is by far the most efficlent of the three coolants.

The effect on the prevalent blade temperature F of varying
the coolant flow is shown in figure 5. For a coolant flow of
6.42 pounds per second, the prevalent blade temperature is about
one-fifth, two-fifths, or one-half the effectlve gas temperature
for water, ethylene glyccl, and kerosene coolants, respectively. A
coolant flow of 15 pounda per second reaults in coollng twice as
effective as a coclent flow of 2 pounds per second. It must be re-
menbered. that better coaling can be obtalned by increesing the
cooling surfaces.

CONCLUSIONS

From a theoretical analysis of radial blade temperatures near
the coolant passage in liquid-cooled gas turbines and for the con-
ditions used in thie investigation, the Tollowing concluslons are
drawn:

1. For & coolant flow of 6.42 pounds per second, the blade metsl
temperatures In the regions nesar the coolant passages may be kept as
low ag one-fifth, two-f1lfths, and ome-~half the effectlve gas tempera-
ture for water, ethylene glycol, and kerosene coclants, respectively.

2. The temperature distributions for all blade lengbhs wlth
coolant passage extending to within ons-sixteenth Inch of the blade
tips were found to show a rotor temperature about equal to the coolant
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temperature, a steady temperasture rise through the rim and a amall
part of the blades, a nearly constant or prevalent blade temperature
through most of the liquid-cooled part of the blades, end a sharp
temperature rise to the blade tips.

3. An lncreese In the length of the coolant passages in a 4 %E inch

blade results 1n extending the prevalent blade temperature over a
greater blade distance; i.e., the longer the coolant passages, the
longer is that portion of ths blade whose temperature is about one-fifth
the effective gas temperaturs if—water at a flow of 6.42 pounds per
second 1s used as the coolant.

4. An Increase In coolant flow from 2 to 15 pounds per second
regults 1n doubling the cooling effectliveness in the turbine blsades.

5. The results of liquid cooling indirectly indicate that lerge
increases in effective gas temperature are poseible without the occcur-~
rence of metal failures compared to the small incresase of only 200° F
in effective gas temperature obtainable for most blades with rim
cooling.

Alrcraft Engine Research Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio.
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Figure 3. - Continued, Effect of various coolant-passage lengths on temperature distri-
butlsn for a gas turbine cooled by water at 200° F for effective gas temperature of
4000° F, Blade length, 4 /16 inch.
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Figure 4. - Temperature distrivution for a gas turbine for various liquid coolants at 200° F;
Coclant passages are 4 inches long and extena to within one-sixteenth inch of biade tip.
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Figure 4. - Continued. Temperature distribution for a gas turbine for various liquid coclants at
© F; coolant passages are 4 inches long and extend to within one-sixteenth Inch of blade tip.
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Figure 5. - Variation of prevalent blade temperature with coolant flow.
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Figure 5. - Continued. Variation of prevalent blade temperature with coolant flow.
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Figure B. - Continued. Variation of prevalent biade temperature with coolant flow.
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Figure 5. - Concludes. VYariation of prevalent blade temperature with coolant flow.
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